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1976. -The effects of food deprivation on protein turnover in rat soleus and extensor digitorum longus (EDL) were investigated. Muscles were removed from fed or fasted growing rats, and protein synthesis and breakdown were measured during incubation in vitro. Rates of synthesis and degradation were higher in the dark soleus than in the pale EDL. One day after food removal, protein synthesis and RNA content in the EDL decreased. On the 2nd day of fasting, rates of protein catabolism in this muscle increased. Little or no change in synthesis and degradation occurred in the soleus. Consequently, during fasting the soleus lost much less weight than the EDL and other rat muscles. In unsupplemented buffer or in medium containing amino acids, glucose, and insulin, the muscles of fasted rats showed a lower rate of protein synthesis expressed per milligram of tissue but not per microgram of RNA. Thus the decrease in muscle RNA on fasting was responsible for the reduced synthesis observed under controlled in vitro conditions. In vivo the reduction in muscle protein synthesis on fasting results both from a lower RNA content and lower rate of synthesis per microgram of RNA. Reduced supply of glucose, insulin, and amino acids may account for the lower rate of synthesis per microgram of RNA demonstrable in vivo.
starvation; protein turnover; dark muscle; pale muscle; muscle RNA; muscle wasting; gluconeogenesis INTHEABSENCEOFEXOGENOUSSOURCESOFCALORIES,an animal can survive by utilizing internal stores of glycogen, fatty acids, and protein. Since the major protein reserve of the body is found in skeletal muscle, the mobilization of amino acids from muscle protein represents an essential adaptation to fasting (2, 6, 31). These amino acids then serve as precursors for gluconeogenesis (6, 31) in liver (5) and kidney (20), as substrates for oxidation in the muscle (15), and in the synthesis of new proteins essential for adaptation to fasting. The biochemical mechanisms responsible for the net loss of muscle protein during fasting are poorly defined. It has long been recognized that protein synthesis in this tissue is reduced in fasting (25, 27, 35) . This reduction appears to be a consequence of a decreased RNA content (25) and reduced circulating levels of insulin, which promotes amino acid transport and protein synthesis in muscle (2, 7, 19) . In addition, it is likely that accelerated catabolism of muscle protein contributes to the decrease in muscle mass. Increased protein degradation has been demonstrated in the gastrocnemius (24), leg muscles (8), and diaphragm (7) of fasted rats.
The present studies were undertaken to define further the influence of starvation on rates of protein synthesis and degradation in skeletal muscle. We have previously described a simple in vitro method for studying protein turnover in rat muscle (7). Those experiments demonstrated that the supply of glucose, amino acids, or insulin in vitro can inhibit the net loss of protein in incubated diaphragm through effects on protein synthesis and catabolism. Since fasting may involve a reduced supply of these factors to the tissue, experiments were undertaken to test whether the addition of insulin, glucose, and amino acids in vitro can eliminate the differences in protein turnover observed in muscles from fed and fasted animals.
The effects of starvation on protein turnover were investigated in two leg muscles from young rats, the soleus and extensor digitorum longus (EDL). These muscles were chosen for study because they are thin and therefore suitable for maintenance in vitro (14). In addition, the soleus is continuously active and is composed almost exclusively of dark fibers, whereas the EDL is composed primarily of pale fibers (32). Previous work with intact rats has shown that the soleus is more active in protein synthesis, and probably also protein degradation, than the EDL (4,9). Evidence is provided here that starvation affects protein turnover in these muscles in different fashions.
METHODS

AND MATERIALS
Male rats from Charles River Breeding Laboratories (Wilmington, Mass.) were fed Purina chow (Ralston Co., St. Louis, MO.) and water ad libitum for a minimum of 3 days before use. Fasted rats were caged separately and were deprived of food starting at about 10 A.M. and killed at the same time 1, 2, or 5 days later. Except where indicated, the animal weights ranged between 50 and 80 g when they were killed, but in any specific experiment the weights were all initially within 5 g of each other. Rats starved for 1 or 2 days initially weighed about 80 g, and those starved for 5 days initially averaged 140 g.
Rats were killed by cervical dislocation, and the muscles were dissected with their tendons intact and weighed. The soleus and EDL are of similar average weights (about 21 mg). Dry weights were obtained by heating the tissues at 65°C until their weights were constant. Protein content was determined by the biuret method (17), with bovine serum albumin as the standard. with the gas mixture and incubated at 37OC for 0.5-3 h in a rotary shaker. After incubation, the muscles were homogenized in 10% trichloroacetic acid (TCA) and centrifuged. The precipitates were washed, and the radioactivity incorporated into them was counted as described previously (7). The supernatants of the muscles were analyzed for radioactivity (7) and tyrosine content (34). Samples of the medium were also taken at the outset of the experiments and assayed similarly.
The incorporation of tyrosine into protein (in nanomoles) was estimated by dividing the 14C counts in protein by the intracellular specific activity. Previous studies suggest that the tyrosine free within muscle serves as the precursor for protein synthesis (21). The intracellular specific activity was calculated as 21) from the inuli n space, 0. 35 described previously -( 7, pl/mg fresh tissue, measured for these muscles and the specific activity sine measured i n the medium at the outset of the of tyroexperiment.
For measurements of net protein degradation, muscles were incubated in Krebs-Ringer-bicarbonate buffer containing chloramphenicol (0.3 mg/liter) and glucose (10 mM). To estimate the rates of protein degradation independently of protein synthesis, muscles were incubated in the same buffer as above but with cycloheximide (0.5 mM) added. At the end of the incubation, the muscles were homogenized as described above. to the tyrosine released into the medium, as described previously (7). Most tions of incubations were run for 2 h, and no determin the muscle pools were performed at the outset .aof the experiment.
Since tyrosine in the muscle did not change protein significantly during the incubation (Table l) , breakdown was determined in the control muscles from fed animals simply by measuring the release of tyrosine into the medium. Protein degradation in muscles from fasted rats was then calculated from the difference in net loss of tyrosine from protein between tissues of fasted and fed rats (i.e., the differences in tyrosine released into the medium by tissues of fed and fasted rats were added to the difference between the tyrosine within these muscles at the end of the incubation). This approach appeared valid, since the amounts of tyrosine in the muscles of fed and fasted rats were similar when they were first removed from the rats ( Table 1) .
Results are presented as the means t SE. The significance of the differences between contralateral muscles from the same animal were determined by the Student t test for paired variables.
The significance of the differences between muscles from fed and fasted rats was determined by the t test for two independent samples. A one-tailed test was used in both instances.
RESULTS
Upon incubation
with [14C]tyrosine, the soleus and EDL muscles incorporated 14C counts into protein at a linear rate for 2 h. When molar rates of protein synthesis were calculated by dividing the [14C]tyrosine incorporated into protein by the intracellular specific activity determined simultaneously, the rates of tyrosine incorporation appeared linear after the first 30 min in vitro ( Fig. 1 ). Our previous studies (21) demonstrated this method of assessing the rate of protein synthesis to be valid for the incubated diaphragm and soleus.
The rate of protein synthesis in the soleus appeared --greater than in the EDL muscle ( Fig. l) , in accord with previous experiments both in vivo (4, 9) and in vitro (13, 28). Although the incubated soleus and the EDL appeared to synthesize protein at a linear rate, net protein degradation occurred in both muscles. In other words, the amount of tyrosine in the unincubated muscle (Table 1) was less than the tyrosine recovered in the medium and in the muscle after the 2-h incubation. Thus, in these muscles, as in the incubated diaphragm (7), protein degradation exceeded synthesis in vitro. The net loss of tyrosine from protein was greater in the soleus than in the EDL (Table 2) . Under these conditions, the muscle also showed a net release of ninhydrin-positive material that was more rapid in the soleus than in EDL (unpublished observations). Furthermore, when the abthe amount of tyrosine in the unincubated muscle (Table 1) was less than the tyrosine recovered in the medium and in the muscle after the 2-h incubation. Thus, in these muscles, as in the incubated diaphragm (7), protein degradation exceeded synthesis in vitro. The net loss of tyrosine from protein was greater in the soleus than in the EDL (Table 2) . Under these conditions, the muscle also showed a net release of ninhydrin-positive material that was more rapid in the soleus than in EDL (unpublished observations). Furthermore, when the ab- solute rate of protein degradation was calculated by adding the calculated synthesis rate (Fig. 1) to the net tyrosine release, this rate also appeared greater in the soleus.
To facilitate measurement of the rate of protein degradation independently of synthesis, cycloheximide was added to the incubation medium (7). In the presence of cycloheximide, the release of tyrosine into the medium was linear for 3 h. Since the concentration of free tyrosine in the muscles from fed rats did not change significantly during the incubation, there must have been a linear rate of protein breakdown (Fig. 2) . The rate of tyrosine released from protein was again significantly greater in the soleus than EDL (0.28 t 0.010 compared with 0 17 + 0.010 nmol/h per mg muscle). This result, -along with the data on synthesis (Fig. l) , indicates that the average rate of protein turnover is higher in soleus that in EDL, in accord with previous suggestions (9).
To examine the effects of food deprivation on protein turnover, the rats were deprived of food for 48 h. During this time their body weights decreased to 71 t 3% of their original values (70-80 g), while the soleus decreased in wet weight by 11% and the EDL by 15% (Table 3) . Since the dry weight-to-wet weight ratios did not change during fasting (Table 3) , the dry weight of the muscles decreased in parallel with the wet weight. The protein concentration of these tissues increased slightly during the 2 days of fasting, indicating a selective loss of nonprotein components (e.g., glycogen, fat, RNA). At-the same time, the RNA concentration as well as the RNA-to-DNA ratio decreased. These last two effects were greater in the EDL than in the soleus (Table 3) .
In this experiment the weight loss in the EDL appeared slightly greater than that in the soleus during the 2-day fast. The mean ratio of the weight of the EDL to soleus in fact was significantly less in the fasted group than in the fed rats (P < 0.025). In the subsequent experiment, the soleus did not show any significant loss of weight (-8%, P > 0.1) unlike the EDL (-14%, P < 0.01). To compare more clearly the rates of wasting of different muscles during starvation, larger rats (averaging 140 g) were fasted for 5 days. The carcasses of such animals decreased in weight by 32%, and the heart and a number of skeletal muscles, including the diaphragm and EDL, decreased in weight roughly in parallel (Table 4). The soleus, however, was an outstanding exception in that its weight did not fall significantly (P > 0.1). In addition, the gastrocnemius seemed somewhat more resistant to the effects of fasting than the other muscles.
When the soleus and EDL muscles from rats fasted for 2 days were incubated in vitro (in the absence of cycloheximide), they released tyrosine into the medium at a greater rate than muscles from fed animals ( Table 2 ). In addition, during incubation, tyrosine accumulated in the muscles from fasted rats but not fed rats. The greater tyrosine release by the muscle of fasted rats must reflect greater net protein breakdown, which presumably accounts for the loss of muscle weight during fasting. Interestingly, this net proteolysis on fasting was more pronounced in the EDL than in the soleus.
The greater net production of tyrosine by muscles of fasted rats could have resulted from a decreased rate of protein synthesis, from an increased rate of degradation, or from both effects combined. We therefore studied the effects of food deprivation on protein synthesis and on degradation measured in the presence of cycloheximide (Figs. 3, 4) . In the EDL the rate of synthesis decreased continually throughout the 48 h of food deprivation. Synthesis in the soleus decreased significantly during the, 1st day. However, in a number of specific experiments (e.g., Fig. 4 ), no significant decrease in protein synthesis in the soleus was demonstrable, and the reasons for the variability in this muscle are unknown.
The rate of protein degradation, measured in the presence of cycloheximide, did not appear to change significantly in either muscle during the first 24 h. However, during the 2nd day, the rate of tyrosine '"P < 0.01. tNS.
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release from protein increased 45% in soleus and 94% in EDL (Figs. 3 and 4) . The larger stimulation of protein degradation and consistent reduction in synthesis in the EDL probably account for the greater loss in weight of this muscle (Tables 3 and 4) . Our earlier studies have shown that incubation with insulin, glucose, and amino acids can inhibit protein degradation and stimulate protein synthesis in the isolated diaphragm (7). Since reduction in the supply of these factors may be responsible for the changes during fasting, experiments were performed to determine if the differences in protein turnover between muscles from fed and starved rats could be eliminated by the addition of these factors in vitro. The EDL and soleus muscles from fed and fasted rats were incubated either in KRB or in a medium supplemented with insulin, glucose, and a mixture of amino acids at the concentrations normally found in rat plasma (22) (except for tyrosine, which in experiments on tyrosine release was initially present at 0.01 mM). In all instances, except the soleus of fed rats, the rates of protein degradation in muscles incubated with insulin, glucose, and amino acids were significantly lower than in the contralateral controls (P < 0.01) (Fig. 4) . Despite the presence of these agents, the rate of protein degradation in the muscles from fasted animals was still greater than that in tissues from fed controls.
Analogous experiments examined the effects of insulin, glucose, and amino acids on the rate of protein synthesis in contralateral muscles of fed and fasted rats (Fig. 4) after 2 days of fasting.) As expected, addition of insulin and nutrients stimulated synthesis in muscles from both fed and fasted animals. (In fact, the EDL from fasted animals synthesized protein more rapidly in the presence of these factors than the EDL from fed rats incubated in KRB.) Of major interest was the finding that when both muscles were incubated with insulin, glucose, and amino acids, the EDL of fed animals still synthesized protein more rapidly than the muscles from fasted rats. The reduction in protein synthesis in muscles during fasting has been reported to result from a decrease in the RNA content of the tissue (18, 25), as well as a reduced rate of synthesis per unit RNA (18, 25). To decide which of these alternatives underlies the changes in synthesis observed here, the rates of incorporation of tyrosine into protein of EDL from fed and fasted rats were compared either per milligram of wet weight muscle or per microgram of RNA-P (Table 5) . After the 2-day fast, the incorporation per milligram of muscle was lower by 36% and 21%, depending on the incubation conditions (Table 5) . However, when this incorporation was calculated per microgram of RNA-P, no difference was observed between the muscles from fed and fasted rats. Therefore in the EDL incubated in KRB the reduced rate of protein synthesis on fasting seems to be a consequence of the loss of RNA from the tissue.
The. inclusion of insulin, glucose, and amino acids in the incubation medium significantly increased the rates of synthesis in muscle from both fed and fasted rats (Table 5 and Fig. 4) , without affecting their RNA content. Under these conditions, the rates of incorporation per unit RNA in muscles from fed and fasted rats were similar. [The stimulation (75%) with the EDL from fed rats was not significantly different from that observed with muscles of fasted animals (53%).] It is concluded that in the presence of insulin, amino acids, and glucose the muscles of fasted rats showed a lower rate of protein synthesis as a consequence of their lower RNA content.
These findings under defined in vitro conditions thus failed to support reports of a reduced efficiency of RNA in protein synthesis in fasting (18, 25). Since those studies (18, 25) involved in vivo experiments on larger animals than we normally use, we attempted to measure in vivo rates of tyrosine incorporation into EDL and soleus of fed and fasted rats (Table 6 ). In these experiments the RNA content and weights of the muscles in the fasted animals decreased in a manner similar to that shown in Table 3 . Two hours after a single large injection of [14C]tyrosine, rats were killed. The EDL of rats fasted for 2 days showed a dramatically lower tyrosine incorporation (P c O.OOl), whereas no significant change was observed in the soleus muscle, in accord with the in vitro experiments (Fig. 4) (14) . During this time, the muscles synthesized protein at a linear rate ( Fig. 1 ) and maintained their intracel lular levels of amino acids relatively constant (Table 1) . In these experiments, protein synthesis was estimated simply by dividing the incorporation at 2 hbY the specific acti vity measured at that time. Although an approximation, this simple approach gave conclusions similar to measurements of 14C incorporation, and presentation of data in this fashion facilitated comparisons with measurements of tyrosine release from protein (i.e., protein degradation). Since the specific activity of [14C]tyrosine in the EDL failed to equilibrate during the 1st h in vitro [ Fig. 1 ; Li et al. (21)], these values obtained for protein synthesis rates in this muscle probably overestimate actual rates and appear less reliable than comparable values for the soleus.
Although they were removed from growing animals, both muscles showed net protein breakdown during incubation in unsupplemented KRB, as evidenced by the net loss of tyrosine (Table 2 ) and ninhydrin-positive material from protein (unpublished observations). The net degradation observed with the soleus and EDL was less pronounced than that found for the rat diaphragm ["without ribs" (14)], possibly because this diaphragm cannot be isolated with 'all fibers intact. In the diaphragm under similar conditions, protein degradation occurred about 2-2.5 times faster than synthesis (7). By contrast, in the soleus and EDL, the rates of synthesis and degradation measured in KRB were comparable ( Figs. 1 and 2) , although the latter measurements were made in the presence of cycloheximide and therefore may underestimate slightly the actual rate of proteolysis (7, 11). In any case it is noteworthy that during incubation in the presence of glucose, insulin, and amino acids the muscles from fed rats were in neutral or positive nitrogen balance ( Fig. 4 ; unpublished observations) and thus approximated the average state of muscles in growing organisms.
The present findings that protein synthesis (Fig. 1 ) was greater in the dark soleus than in the pale EDL confirm earlier in vivo observations of more rapid amino acid transport, incorporation into protein, anda greater RNA content in the soleus (9). Since the earlier results were obtained in nongrowing (hypophysectomized) rats, they suggested more rapid protein catabolism in the darker soleus (9) as was confirmed in the present studies. The rate of tyrosine release from protein observed in Fig. 2 was 0.282 nmol/h per mg muscle for soleus and 0.170 for EDL. Since 2.7% of the total amino acids in rat muscle protein is tyrosine (29), and since 16% of total protein is nitrogen, these values suggest an average half-life of muscle protein of 6 days. This value is comparable to that obtained for rat leg muscles by Millward (24) from in vivo experiments. Thus the in vitro results obtained in the presence of cycloheximide appear qualitatively and quantitatively similar to the rates of protein turnover-measured in the intact animal.
Adaptation of a rat to starvation involves increased glycogenolysis, lipolysis, gluconeogenesis (5, 20, 3 1)) and amino acid oxidation (15). The last two responses depend on the supply of free amino acids from protein reserves, primarily in the muscle (2, 6, 31). After 2 days of food deprivation, the young rats studied here lost 25 30% of their total body weight ( Table 3 ). The concomitant loss of muscle weight (Table 3 ) reflected a loss of tissue protein that resulted in part from a decrease in protein synthesis and in part from increased . catabolism (Fig. 3) . Though complementary, these two effects may not be coordinately controlled, since protein synthesis fell within 1 day of food deprivation, whereas no significant changes in protein degradation were evident until the following day (Fig. 3) . Interestingly, this stimulation of protein degradation on the 2nd day was greater in the EDL than in the soleus (94% compared to 45%), so that the average half-life of protein in both muscles was reduced to 4.2 days (calculated as above). The larger changes in protein degradation and synthesis in the EDL during fasting can account for the greater loss of weight in this muscle.
When larger rats were fasted for 5 days, the overall muscle mass and carcass weight decreased by 32% (Table 4). Nevertheless, the dark soleus did not show significant atrophy, and the intermediate gastrocnemius also appeared relatively resistant to the effects of starvation. The soleus and darker portions of the gastrocnemius are also relatively resistant to the catabolic effects of adrenal steroids (12). These hormones may play an important role in the mobilization of pro tein reserves in muscle during fasti .ng. Earlier studies from this laboratory suggested that contractile activity made a muscle relatively resistant to wasting induced by glucocorticoids (12) and possibly fasting (10). However, the fact that the heart and the diaphragm (an intermediate muscle) lost weight to a similar extent as the pale EDL suggests that no simple correlation exists between muscle color and sensitivity to starvation. However, microscopic studies comparing the rates of atrophy of different fiber types in the gastrocnemius and diaphragm during prolonged food deprivation should provide a better test of this possibility.
In the leg muscles from fed and fasted rats, protein degradation was reduced upon incubation with insulin, glucose, and amino acids (Fig. 4) , as reported previously for the diaphragm (7). However, these factors did not reduce the rate of protein breakdown in muscles from fasted rats to the levels characteristic of muscle from fed animals. Therefore, fasting may involve some adaptive changes in the muscle's degradative capacity that are not rapidly reversible.
In fact, a proteolytic activity associated with myofibrils has higher activity in cellfree extracts of muscles from fasted rats than fed ones (23). In addition, lysosomal proteases may be involved in intracellular protein degradation, and changes in the properties of lysosomes have been reported in muscle during prolonged starvation (1, 3) and in liver (26) and heart (30) upon perfusion in the absence of insulin.
At least two mechanisms appear responsible for the decreased protein synthesis in the EDL during food deprivation (18, 25). The RNA content, which must reflect primarily the ribosome content, decreased significantly by 2 days of starvation, .and this change appears responsible for the reduced protein synthesis observed in vitro. Thus, during incubation in KRB or upon addition of glucose, amino acids, and insulin, the rates of protein synthesis in the EDL from fed and fasted rats did not differ significantly when expressed relative to the amount of RNA in the muscles (Table 5) . In other words, under defined conditions, the synthetic capacity of the muscle ribosomes and associated tRNA appeared similar in muscles of fed and fasted animals.
In (Table 6 ). The failure to see this additional effect of fasting under controlled conditions in vitro suggests that it is a consequence of the altered environ-
